ABSTRACT: Ankle fractures are among the most common lower limb fractures. Associations between postoperative radiographic results and clinical outcome have been found, but less is known about the relevant ankle biomechanics. This study analyzed ankle kinematics, radiographic findings, and patient-reported outcome measures (PROM) in patients treated for ankle fractures. The hypothesis was that patients after ankle fracture surgery had less flexion/extension in the ankle compared to healthy subjects and that fracture severity had significant influence on kinematics and patient satisfaction. Thirty-three patients (n ¼ 33 feet) operated for ankle fractures were recruited. Ankle kinematics were analyzed using the Oxford Foot model, and results were compared with an age-matched healthy control group (11 patients, 20 feet). In addition, patients were divided by fracture (severity) classification and kinematic results were correlated with PROM and radiographic findings. Patients treated for ankle fracture showed lower walking speed (p < 0.001) when asked to walk in preferred normal speed. When compared at equal speed, significantly less range of motion (ROM) between the hindfoot and tibia in the sagittal plane (flexion/extension) during loading and push-off phases (p ¼ 0.003 and p < 0.001) was found in patients after ankle fractures compared to healthy subjects. Lowest ROM and poorest PROM results were found for patients with trimalleolar ankle fractures. There was a significant correlation between ROM (flexion/extension) during the push-off phase and SF-36 physical functioning (r 2 ¼ 0.403, p ¼ 0.027) and SF-36 general health (r 2 ¼ 0.473, p ¼ 0.008). Fracture severity was significantly correlated with flexion/extension ROM in the ankle during both loading and push-off phases (r 2 ¼ À0.382, p ¼ 0.005, and r 2 ¼ À0.568, p < 0.001) and was also significantly correlated with PROM. This study found that patients with ankle fractures had significantly altered ankle kinematics compared to healthy subjects. The poorest results were found among patients with trimalleolar fractures. Weak to strong significant correlations were found between fracture severity, ankle kinematics, and PROM.
Ankle fractures are among the most common lower limb fractures and account for 9% of all fractures. [1] [2] [3] [4] There are various classification systems to describe ankle fractures, for example, the AO-classification, the LaugeHanssen classification, and the number of fractured malleoli. [5] [6] [7] [8] [9] [10] Functional outcome studies have been performed among patients with ankle fractures, analyzing patient-reported outcome measures (PROM), physical examination, and radiographic findings. [11] [12] [13] These studies reported good results, with patients experiencing little or mild pain and few restrictions in functional activities 1 year after ankle fracture surgery. [11] [12] [13] [14] [15] [16] Several studies examined the association between the severity of the fracture and the functional outcome, with mixed results. Some concluded that classification of the fracture can be used as a predictor of functional outcome after surgery. 17, 18 Others, like Egol et al., 19 concluded that the type of fracture had no influence on functional outcome after ankle fracture surgery. Kinematic analysis may provide a more robust predicator of patient-reported functional outcome, and may provide a better correlation between fracture severity and patient satisfaction. Only a few studies have analyzed gait in patients treated for ankle fracture. 9, [20] [21] [22] These studies found reduced flexion/extension in patients treated for ankle fracture compared to healthy subjects. However, no or minimal significant correlations were found between gait and PROM. Kinematic analysis of the foot and ankle can be performed with reliable results using a multi-segmented foot model such as the Oxford foot model (OFM). 23, 24 In the present study, a kinematic analysis was performed in patients operated for ankle fractures, and the results were compared with those of healthy subjects. Furthermore, kinematic results were compared between patients based on fracture (severity) classification, the number of fractured malleoli. In addition, kinematic results were correlated with PROM and radiographic findings. The hypothesis for this study was that after operative treatment for ankle fracture, patients would have reduced flexion/extension of the ankle compared to healthy subjects, and that this would be significantly correlated with PROM and fracture (severity) classification. The poorest results were expected in patients operated for trimalleolar ankle fractures.
METHODS

Study Population
This study was performed between 2010 and 2014 at the Maastricht Universitary Medical Centre. For this prospective, single-center, level II evidence study 33 patients (33 feet) were recruited prospectively after operative treatment 37:1658-1666, 2019.
for an unstable ankle fracture. All patients were diagnosed with a malleolar ankle fracture between 2010 and 2013 at the emergency department. Diagnosis was formed on anteroposterior, mortise, and lateral radiographs. If necessary, a computed tomography scan was performed. All patients were operated by an experienced foot and ankle surgeon within 2 weeks after injury. Fixation was performed with plate and screw osteosyntheses following the AO-principles. 25, 26 For all patients immobilization with cast for 6 weeks was perscribed and permissive weight-bearing started after these 6 weeks, supported with physiotherapy. Patients had at least 6 months follow-up (range 7-57) and were included at least 6 months after the operation, as most functional progress after surgical intervention takes place between 3 and 6 months. 19, 27, 28 Patients were contacted for this study during follow-up initially at the outpatient clinic by the researcher. If willing to participate patients were contacted every 3 months by the researcher, separately from normal follow-up at the outpatient clinic. Patients were included for this study when they had reached good mobility in the foot and ankle after surgery. This was when patients had returned to work, had no physiotherapy and stopped using painkillers. Subsequently, patients were planned for gait analysis within 4 weeks. Patients were included average 18 months (range 7-57) after surgery. Patients with an age range between 25 and 75 years were included, since age has limited effect on ankle kinematics. [29] [30] [31] Exclusion criteria were contralateral or ipsilateral fractures or pre-existent abnormalities of the lower extremities, neurotrauma, spinal, or neurological injury, and pathologic fractures. 26% of all patients operated for ankle fractures between 2010 and 2013 at our institution, who met the inclusion criteria, were included in the study. Results were compared with a group of age-matched healthy subjects (n ¼ 11). Subjects were recruited around the university of Maastricht. Since previous gait studies found asymmetric gait patterns in healthy subjects with differences in foot dynamics between the dominant and non-dominant leg, also kinematics may alter between both legs in healthy subjects. [32] [33] [34] [35] To correct for foot dominance in all healthy subjects both feet were analyzed. Foot dominance was tested, asking patients, and healthy subjects to step on an elevation and to kick a soccer ball with one leg. The leg they used was found to be their dominant leg. 34 All patients and healthy subject had a right dominant leg.
Recruitment, Foot Dominance, Operatie En Post Op Traject Equipment
At the movement laboratory, motion stereophotogrammetry was used with the OFM. Motion capture was conducted using the VICON MX 3-system (Vicon Motion Systems Ltd., Oxford, UK). The VICON system comprises eight cameras (6 MX3 and 2 T20, running at 200 Hz) for the detection of markers placed on the skin of the lower extremity. The markers were placed on specific anatomic points on the subjects using regular double-sided tape, according to the guidelines for the OFM. 23 ,31,36 A 10-m platform was used for patients and healthy subjects to walk on, with the force platform (Kistler 9282E) in the middle. Vicon Nexus was used to visualize and process the 3D motions on the computer.
Study Protocol
Each subject was analyzed individually at the movement laboratory, where he or she underwent all measurements on the same day. The following data was collected for the patients operated after ankle fracture: baseline characteristics including height, weight, body-mass index (BMI; weight/ height 2 ), leg length and knee and ankle width, and American Society of Anaesthesiologists physical status classification system (ASA-classification). 37 In addition, PROM were collected. The Foot and Ankle Disability Index [FADI] consists of 26 items with five answers from no difficulty at all to unable to do. The FADI score ranges from 0 to 100 with a score of 100 indicating an excellent or maximum outcome. The Short-Form 36 score [SF-36] consists of 36 questions, and measures functional health and well being, dived in eight domains: physical functioning, physical role, pain, general health, vitality, social functioning, emotional role, and mental health. The score for each domain ranges from 0 to 100. A higher score means a better outcome. The visual analogue pain scale [VAS] for maximum, minimum, and current pain ranges from 0 to 10 with 0 in patients with no pain and 10 in patients with unsustainable pain. The American Orthopaedic Foot and Ankle Society hindfoot-ankle score [AOFAS] consists of seven items (pain, activity limitations, footwear, walking distance, walking surface, gait abnormalities, and alignment) and ranges from 0 to 100 points, with 100 points indicating an excellent or maximum outcome. Questionnaire were filled out by the researcher prior to the gait analysis by asking patients the questions in Dutch. Physical examination of the lower extremities was performed by the researcher prior to gait analysis. 38, 39 Using plain pre-operative radiographs and computed tomography scans, fractures were classified by the number of fractured malleoli and by the AO-classification. [5] [6] [7] [8] [9] This was performed by two observers blinded for other results in this study. The kinematic analysis was performed following the OFM protocol described in detail in our previous studies. 23, 31, 36 Patients and healthy subjects were asked to walk in self-selected normal, slow, and fast speed. All measurements were performed by one researcher (S. van Hoeve), who had been trained in foot examination and OFM. The data of one whole step was divided into two intervals: a loading phase and a push-off phase. Walking speed was compared between groups. Further, intersegment ROM between hindfoot and tibia (location of the talocrural joint) in the frontal, sagittal, and transverse planes (representing abduction/adduction, flexion/extension, and inversion/eversion, respectively) were calculated. 40, 41 The kinematic results of the patients operated for ankle fracture were compared with those of healthy subjects. Since speed has significantly influence on kinematics, kinematics will be compared between groups with equal speed during walking. 42 In addition, kinematic and PROM results were compared between patients with unimalleolar, bimalleolar, and trimalleolar fractures. The kinematic results were correlated with fracture (severity) classification and PROM. All subjects signed and gave informed consent. The medical ethics committee of this hospital approved this study.
Data Analysis
Before patients were included, a power analysis was performed, using a power and sample size calculator, to determine the number of patients needed for inclusion. The calculator used two averages (a ¼ 5% and 1-b ¼ 80%). The value of ROM between the hindfoot and tibia (talocrural joint) in the sagittal plane (flexion/extension) in healthy subjects during gait was known to be 12.0˚(SD 3.0). 23 After ankle trauma surgery, the ROM in patients was expected to have decreased by at least 1 standard deviation, or 3˚, leading to a ROM of 9˚. This resulted in a number of subjects to be included of at least eight for each group. 43 Data was converted GAIT ANALYSIS AFTER ANKLE FRACTURES 3 1659
using Matlab (version 7.12,2011) and analyzed in SPSS (IBM Statistics, version 20). The data comprised the mean of at least six randomly chosen trials (steps). The Shapiro-Wilk test was used to test the distribution of data and found a normal distribution. The patients characteristics and categorial variables were analyzed using descriptive statistics and the independent samples t-test was used to find significant differences, a p-value below 0.05 being considered statistically significant. Speed between groups was compared with the independent samples t-test. The Pearson correlation test was used to identify significant correlations between kinematics and PROM. For the categorical variables the Spearman rank correlation test was used to find significant correlations between number of fractured malleoli and AO-classification with PROM and kinematics.
RESULTS
Patient Characteristics
The demographic characteristics and PROM for the patients operated for ankle fractures and the healthy subjects are presented in Table 1 . Thirty-three patients were included in the ankle fracture group and 11 healthy subjects were included in the healthy control group. Due to a technical error during gait analysis in one healthy subject only one feet was analyzed. Therefore, in the healthy group 20 feet were included in this study, with 10 dominant and 10 nondominant feet. The mean age of the patients in the ankle fracture group was 57.2 AE 14.5 years (range , while that of the healthy control group was 48.4 AE 16.0 years (24-65). The ankle fracture group comprised significantly more women with a lower height and a lower leg length compared to the healthy subject group. No further significant differences were found between the two groups. Based on the number of fractured malleoli, 10 patients were included in the unimalleolar group, 11 in the bimalleolar group, and 12 in the trimalleolar group. Using the AO-classification, one patient was classified as having an A2 fracture, 17 patients as having a B2 ankle fracture, nine as having a B3 fracture, two as having a C1 fracture, and four as having a C2 fracture. The mean FADI score was 87.2 AE 14 (SD) (range 35-100), while the mean VAS pain score during walking was 1.8 AE 2.2 (SD) (range 0-7) and the mean AOFAS hindfoot-ankle score was 84.2 AE 14.9 (SD) (range 44.2-100). Gait measurements were performed at a mean of 18 AE 9 (range 7-57) months after surgery. Table 2 lists the kinematic results for the patients operated for ankle fracture and for the healthy subjects. A significant difference in walking speed between the two groups was found when patients were asked to walk at preferred normal speed (p < 0.001). This significance disappeared when healthy subjects were asked to walk slowly and the ankle fracture patients walked at normal speed (p ¼ 0.360). When adjusted for speed, the ROM between the hindfoot and tibia in the sagittal plane (flexion/extension) during both the loading and push-off phases was lower in the ankle group than among the healthy subjects (p ¼ 0.003 and p < 0.001, respectively). There were no significant differences between the two groups in the ROM in the frontal plane (abduction/adduction) and transverse plane (inversion/eversion), neither during the loading phase nor during the push-off phase. Table 3 lists the characteristics of the patients with unimalleolar, bimalleolar, and trimalleolar ankle fractures. There were no significant differences between the groups regarding age, gender, or fracture side. Fracture mechanism, ASA-classification, time to surgery, physiotherapy, and complications were recorded. Postoperatively, one patient with a unimalleolar fracture developed a deep infection, which was treated with antibiotics and removal of the osteosynthesis material. There were no patients with open fractures. Table 5 ). Fracture severity as classified by the number of fractured malleoli was significantly correlated with the flexion-extension ROM between the hindfoot and tibia during both the loading and push-off phases 
Kinematic Analysis
Kinematic Analysis of Patients Classified by Number of Fractured Malleoli
DISCUSSION
The present study evaluated ankle kinematics, PROM, and fracture severity in patients operated for ankle trauma. After an average of 18 months followup, we found that patients operated for unstable ankle fractures had lower walking speed, when asked to walk at preferred normal speed, and less flexion/ extension between hindfoot and tibia compared to healthy subjects, when walked at equal speed. The smallest flexion/extension and poorest PROM results were seen in patients with trimalleolar ankle fractures. The flexion/extension ROM during push-off phase was weak to strong significantly correlated with PROM and the severity of the ankle fracture as defined by the number of fractured malleoli and the AO-classification. A number of previous studies have compared gait patterns among patients treated for ankle fractures with those of healthy subjects. Losch et al. analyzed gait in 20 patients with a surgically treated ankle fracture one year after operation, and compared the results with those of 20 healthy adults. They found less flexion/extension in the ankle joint and lower speed and smaller step length in the injured group compared to the healthy subjects. However, they did not find any significant correlation between kinematic parameters and PROM. 21 Our study also found lower walking speed and less flexion/extension among patients operated for ankle fracture. We did, however, find a weak to strong significant correlation between fracture severity, PROM and ankle kinematics. Wang et al. 22 analyzed 18 patients with an ankle fracture using PROM and gait, with a multi-segment foot model (modified Oxford foot model) at least 1 year post-operatively. Twelve patients had a lateral unimalleolar fracture and six had a trimalleolar fracture, and all were treated with open reduction and internal fixation. Results were compared with those of healthy subjects and the contralateral leg. The study found less flexion/extension between the hindfoot and tibia in the fracture group compared to the healthy subjects during stance, and lower ROM (flexion/extension) in Results are presented as mean AE standard deviation (minimum-maximum). the swing phase compared to the non-injured side. They found that the Olerud and Molander ankle score (OMAS) questionnaire correlated fairly to moderately with the kinematic parameters in the sagittal plane during swinging phase (flexion/extension. Their results are comparable with those found in our study. Our gait study included a larger number of patients and found multiple weak to strong significant correlations between kinematics, fracture classification and PROM, adding new data to the present literature.
GAIT ANALYSIS AFTER ANKLE FRACTURES
Two studies have analyzed plantar pressure, walking speed, and step length in patients treated for ankle fractures. Segal et al. analyzed functional outcome in 41 patients with ankle fractures using PROM, physical examination, and walking speed and step length. Patients with an ankle fracture were divided into those with a unimalleolar fracture (n ¼ 12), those with a bimalleolar fracture(n ¼ 15), and those with a trimalleolar fracture (n ¼ 14). Gait results were compared with those of 72 healthy subjects. They found significant differences between the groups for all parameters, including walking speed and involved and uninvolved step length.
Patients with a unimalleolar fracture performed significantly better than those with a bimalleolar or trimalleolar ankle fracture. 9 Becker et al. analyzed 40 patients with displaced ankle fracture by physical examination, PROM and measurement of plantar pressure distribution. In their group, 32 patients had suffered a unimalleolar ankle fracture and eight a bimalleolar fracture. Results were compared with those of 90 healthy subjects. They found differences in loading pressures between patients with high and low PROM scores. 20 These two studies both showed that patients with less severe fractures had better outcomes, which is in line with the findings of our study.
Other studies investigating functional outcome after ankle fractures reported mixed results with respect to the relationship between fracture severity and functional outcome. Broos et al. 17 found that patients with unimalleolar fractures had a better outcome than those with trimalleolar fractures in terms of clinical and radiographic findings. Hancock et al. 18 found that subjects with unimalleolar and bimalleolar ankle fractures had better functional outcome than those with trimalleolar fractures, based on the OMAS and the Lower Extremity Functional Scale (LEFS). In contrast, Egol et al. 19 concluded that the type of fracture had no influence on functional outcome after ankle fracture surgery, with fractures categorized according to the Orthopaedic Trauma Association (OTA) system and the Lauge-Hansen system. Our study provides evidence for the hypothesis that the severity of ankle fractures correlates with functional outcome, as we found a weak to strong significant correlation between fracture severity (in terms of the number of fractured malleoli and the AO-classification) and several PROM, with the SF-36 physical functioning and AOFAS ankle-hindfoot scores.
Our analysis of the results of our study found that ankle kinematics were decreased most in the patients with severe ankle fractures (trimalleolar). The AOclassification also correlated significantly with the flexion/extension in the ankle joint during the push-off phase. Since the patient characteristics did not differ significantly between the groups (unimalleolar, bimalleolar, and trimaleolar), the results of our study provide a reliable objective indication of differences between groups. We found decreasing flexion and extension in the ankle joint in patients with increasing severity of the fracture, although no significant differences in ROM were found between the patients with the unimalleolar and bimalleolar fractures. Comparison of the patients with trimalleolar ankle fractures with the healthy subjects showed a significantly lower ROM (7.13˚AE 2.55˚(SD) vs. 12.59˚AE 3.73˚(SD)). In line with this, the PROM scores were equal between the unimalleolar and bimalleolar groups, while the reported functional outcome was significantly lower in the trimalleolar group. This seems to indicate that a decrease in ROM of more than 4.5˚in the push-off phase is clinically significant. A number of limitations can be listed for our study. There were significantly differences in patient characteristics between the ankle fracture group and the healthy subject group. In addition, patients after ankle fractures had significantly lower speed. When healthy subjects walked at slow speed no significant differences between both groups were found. For further analysis the most important characteristics regarding foot and ankle kinematics as speed and foot dominance did not significantly differ. [32] [33] [34] [35] 42 The characteristics that differ between both groups had no significantly influence on foot and ankle kinematics. Therefore, the risk of bias of type 2 error is limited. In contrast to previous studies the group of healthy subjects was limited with 11 subjects and in this group both feet were analysed to rule out the influence of foot dominance.
Although the OFM, which we used, is the most commonly used foot model for clinical studies, it cannot directly measure the motion in the talocrural joint: it measures the ROM between the hindfoot and tibia segments. Markers are placed on the calcaneal bone for the hindfoot segment and on the malleoli of the tibia segment, so the model cannot measure the exact motion between talus and tibia, but can only provide an estimation. However, when we started this study, no multi-segment foot model was available to measure the exact motion between talus and tibia. Marker placement can result in errors as well as skin motion. To reduce this error, the observer was trained in placing the markers. Another limitation was that no additional analysis was performed of the surgical reduction of the fracture. In patients with a trimalleolar fracture in particular, the residual gap or step-off of the tertius fragment in the talocrural joint can influence motion. Hence, additional studies are warranted.
CONCLUSION
This study found that at an average of 18 months after ankle surgery, patients had significantly lower walking speed when asked to walk at preferred normal speed and significantly lower ROM in the sagittal plane (flexion/extension) of the ankle compared to healthy subjects, compared at equal speed. The smallest flexion/extension and poorest PROM results were found for the patients with trimalleolar fractures. Weak to strong significant correlations were found between fracture severity (based on the number of fractured malleoli and the AO-classification), the ROM in the sagittal plane and the PROM.
